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Selective serotonin reuptake inhibitors (SSRIs) have recently been reported to specifically
kill malignant cells of B-lymphoid origin, i.e., cells derived from Burkitt lymphoma. Accord-
ingly, SSRIs have been proposed as lead compounds in the development of new approaches
to the treatment of lymphoma/leukaemia. Here we attempted to dissect the underlying
signaling pathways by comparing susceptible and resistant cell lines. However, we found
that all cell lines investigated underwent apoptotic cell death when exposed to SSRI
concentrations exceeding 10 pM regardless of whether the cell lines were derived from
B- (e.g., Namalwa, Ramos, Daudi, RL7), T-lymphoid tumors (e.g., Molt-4, Jurkat, CCRF-CEM)
or other sources. The structure-activity relationship readily distinguished the pro-apoptotic
and growth inhibitory effect of SSRIs from their eponymous action (blockage of the
serotonin transporter): acetylation of the SSRIs fluvoxamine and paroxetine abrogated
the ability of these compounds to inhibit 5HT-uptake, but did not impair their cytotoxic
action. Based on these data we conclude that (i) SSRIs inhibit growth of transformed cells,
but that (ii) this effect is neither specific for malignant cells nor specific for any particular
cellular subset. (iii) The pro-apoptotic effect of SSRIs (at .M concentrations) is unrelated to
their principal pharmacological action, i.e., inhibition of serotonin uptake (at nM concen-
trations). SSRIs or improved versions thereof are therefore unlikely to represent useful lead
compounds for inducing apoptosis in B-cell derived tumors: the underlying mechanism is
not confined to any specific cell lineage.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

is apparently promoted due to a combination of infections and
possibly herbal remedies, i.e., infection with the Epstein-Barr

Burkitt lymphoma is endemic in the equatorial malaria virus, sustained parasite load due to repeated infections with
regions and is of particular relevance in sub-Saharan Africa, Plasmodium falciparum, with one or several arboviruses and the
where it is the most common childhood cancer: tumor growth use of extracts from Euphorbia tirucalli [1,2]. More recently,
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there has been a sharp rise in the incidence of Burkitt
lymphoma in the industrialized countries due to the HIV
epidemic [3].

Burkitt lymphoma is a sad example for a cancer, in which
access to treatment can be the limiting factor: when treated
with cytotoxic drugs, children with Burkitt lymphoma have a
good prognosis. However, in many instances in sub-Saharan
Africa, the cytotoxic drug regimen and the associated
supportive medical care are beyond the financial means of
many families. Accordingly, parents withdraw their children
from therapy or withhold treatment [4]. In this situation, an
alternative, less expensive treatment would be a major
breakthrough. Hopes have been raised by the report that
lymphoid cells express the serotonin transporter, which may
be targeted to elicit apoptosis in Burkitt lymphoma [5]. In fact,
selective serotonin reuptake inhibitors (SSRIs) were reported
to specifically induce apoptosis in Burkitt lymphoma cells [6]:
this effect was described as absent in non-transformed
quiescent B-lymphoid cells or cells of other origin. In their
most recent work, Meredith et al. [7] extended these earlier
observations to additional drugs targeting serotonin uptake
and to additional B-lymphoid cell types including multiple
myeloma cell lines. These investigations also suggested that
SSRIs elicited this pro-apoptotic effect by a mechanism
unrelated to their ability to block the serotonin transporter.

In the present work, we followed up on this innovative
concept and designed experiments intended to characterize
the relevant signaling pathway(s). We searched for susceptible
and resistant cell lines, the underlying rationale being that
susceptible and resistant cells ought to differ by the presence
or absence of one or several crucial components. However,
while SSRIs reproducibly induced an apoptotic response in B-
lymphoid tumor cells, we did not find this effect to be confined
to B-lymphoid cells or tumor cells. In fact, we failed to identify
a single cell line that tolerated SSRI treatment within the
concentration range relevant for SSRI-induced apoptosis in
malignant cells.

2. Materials and methods
2.1. Materials

FCS and media (Dulbecco’s modified Eagle medium (DMEM),
RPMI-1640, non-essential amino acids) were from PAA
Laboratories (Linz, Austria). Radioactive compounds ([*H]ser-
otonin, [*H]thymidine) were from New England Nuclear
(Dreieich, Germany). The BD-Pharmingen Annexin V-PE
Apoptosis Detection Kit I was purchased from BD Biosciences
(Heidelberg, Germany), scintillation fluid (Rotiszint ECO plus)
was from Roth (Karlsruhe, Germany). Selective serotonin
reuptake inhibitors and B-mercaptoethanol were obtained
through Sigma-Aldrich (St. Louis, MO). All other chemicals
were analytical grade.

2.2.  Cell lines, primary cells and tissue culture
The following commercially available cell lines were obtained

from ATCC (Manassas, VA; ATCC number in brackets): RL-7
(ATCC no. CRL-2261), REH (ATCC no. CRL-8266), Daudi (ATCC

no. CCL-213), Namalwa (ATCC no. CRL-1432) and Ramos (ATCC
no. CRL-1596) cell lines are established human B-lymphoid cell
lines; Molt-4 (ATCC no. CRL-1582), CCRF-CEM (ATCC no. CCL-
119), Jurkat (ATCC no. TIB-152), Mac-2A [8], HPB-ALL [9] and
SU-DHL-1 [10] cells are transformed human T cell lines. EL-4
(ATCC no. TIB-39) is a murine T cell lymphoma line and K562
(ATCC no. CCL-243)is a well-defined human erythroleukaemia
cell line transformed by the bcr/abl oncogene.

The v-abl cell line is a murine cell line, which was
established in our laboratory by infecting bone marrow cells
of a B6/C57 mouse with a retrovirus encoding the v-abl
oncogene [11]. The Ep-myc cell line is a murine cell line which
was established from the bone marrow of a diseased Ep-myc
transgenic mouse [12]: the mouse was sacrificed; the femurs
were flushed with sterile RPMI 1640 medium and the resulting
bone marrow cell suspension was placed in RPMI 1640
medium supplemented with 10% FCS, 2mM glutamine,
100 IU/ml penicillin, and 0.1 mg/ml streptomycin and 5 uM
B-mercaptoethanol at 37 °C under an atmosphere of 5% CO,.
After several weeks, stably growing cell lines emerged, which
were subcloned and used in the experiments. To obtain fresh
Ep-myc tumor cells, mice carrying the Ep-myc transgene were
sacrificed, when they were visibly affected by the disease;
tumors (inguinal lymph nodes) were excised, minced and
pressed through a 70 um cell strainer to create a cell
suspension, which was propagated in cell culture.

Preparation of mouse embryo fibroblasts (MEF): embryos
(E12.5) were harvested from pregnant C57B6/] females who
had been allowed to mate with C57B6/] males. Fetal livers were
removed and the remaining embryos were cut into small
pieces, which were trypsinized for 1 h at 37 °C. The resulting
cell suspension was placed into DMEM culture medium
supplemented with 10% FCS, 2 mM glutamine, non-essential
amino acids, 100 IU/ml penicillin, and 0.1 mg/ml streptomycin
at 37 °C under an atmosphere of 5% CO,. At confluence, the
cells were detached and passaged. Cells of 3rd to 4th passage
were used in the experiments designed to assess the cytotoxic
action of SSRIs and related compounds (see below).

Non-adherent cells were maintained in RPMI 1640 medium
supplemented with 10% FCS, 2mM glutamine, 100 IU/ml
penicillin, and 0.1 mg/ml streptomycin and 5 pM B-mercap-
toethanol at 37 °C under an atmosphere of 5% CO,. HEK293
cells expressing the human transporters for serotonin [13] and
dopamine [14], CHO cells and NIH3T3 cells were maintained in
DMEM medium supplemented with 10% FCS (PAA), 2 mM
glutamine, 100 IU/ml penicillin, and 0.1 mg/ml streptomycin.
HEK293 cells expressing the human SERT were transfected
with a plasmid driving the expression of human neuronal
NOS-synthase (nNOS) [15] using Lipofectamine Plus (Invitro-
gen, Karlsbad, CA) resulting in transfection efficiencies >90%.

2.3.  [PH|Thymidine incorporation assay

Cells (10° and 10* cells/well for non-adherent and adherent
cells, respectively) were seeded in 96 well plates and incubated
with the compounds as indicated in the figure legends.
[’H]Thymidine was added to a final concentration of 0.1 wCi/
well. The acetylated SSRIs had to be dissolved in DMSO. For
these experiments, controls containing DMSO alone were
performed in addition to exclude any non-specific cytotoxic
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effects unrelated to the effects of SSRI treatment. Aftera 24h
incubation period the cells were rapidly frozen, thawed and
subsequently analyzed using a Skatron semiautomatic cell
harvester. In some instances, cells were incubated for up to
72 h in the presence of 6 logarithmically spaced concentra-
tions (2 concentrations/order of magnitude) of paroxetine and
of citalopram; [*H]thymidine was added during the last 24 h
and the reaction was terminated by freezing as outlined above.
The amount of incorporated [*H|thymidine was determined in
a Packard scintillation counter after addition of scintillation
fluid.

2.4.  FACS analysis

Cells (5 x 10* and 5 x 10° cells/well for adherent and non-
adherent cells, respectively) were seeded in a 24 well plate and
the compounds were added at the concentrations indicated in
the figure legends. After 24 h, the cells were harvested and
stained with antibodies against annexin V according to the
instructions of the manufacturer. Cells, in which the barrier
function of the membrane had broken down (necrotic cells/
late apoptotic cells), were detected by staining with propidium
iodide (final concentration = 1 mg/l). Cells were analyzed using
a BD FACS Canto II and BD FACS Diva software.

2.5.  Serotonin-uptake experiments

HEK293 cells (10° cells/well) expressing the human transpor-
ters for serotonin (13) and dopamine (14) were seeded in 48
well plates. Twenty four hour thereafter the cells were washed
with Krebs Hepes Buffer (KHB) containing 10 mM HEPES,
130 mM NaCl, 1.3 mM KH,PO,4, 1.5 mM CaCl,-2H,0, 0.5 mM
MgS0,4-7H,0, 34 mM glucose, final pH 7.35. Subsequently, the
cells were pre-incubated for 5 min in 0.1 ml KHB containing
the indicated concentrations of SSRIs or their acetylated
derivatives. Then, the fluid was replaced by KHB containing
the indicated concentrations of SSRIs and, in addition, 0.05 uM
[*H]serotonin. After 1 min, the cells were washed with ice cold
KHB and lysed by adding 500 pl of 1% SDS containing solution.
The lysed cells were transferred into 5 ml scintillation fluid
and [*H]serotonin uptake was determined using a Packard
scintillation counter.

2.6.  Synthesis, analysis and purification of acetylated
SSRIs

The respective SSRIs (~5 pumol) were dissolved in 0.5ml
acetonitrile (abs.) and 1.5 equivalents (~7.5 pmol) of acetic
acid anhydride as well as 1.5 equivalents (~7.5pmol) of
triethylamine were added. The reaction mixture was stirred
for 16 h at room temperature under argon atmosphere. The
acetylated SSRIs were subsequently analyzed by HPLC-MS (on
a Alliance HT-HPLC equipped with a diode array detector and a
ZQ mass spectrometer equipped with an electrospray probe,
Waters; Manchester, UK). The yield of the reaction was close to
100% (N-acetyl-paroxetine: 98%, N-acetyl-fluvoxamine: 99%).
Compounds were extracted with ethyl acetate and further
characterized by *H NMR spectroscopy (DRX400 NMR spectro-
meter, Bruker). 'H NMR (400 MHz, CDCl;) for N-acetyl-
fluvoxamine: §=7.67 (d, J = 10 Hz, 2H), 7.55 (d, J = 10 Hz, 2H),

6.04 (s [br], 1H, C=ONH), 4.21 (t,], = J, = 5 Hz, 2H, 1"-H,), 3.53 (dt,
J1=J»=5Hz, 2H, 2"-H,), 3.34 (t, ] = 3 Hz, 2H, 5-H,), 3.25 (s, 3H,
OCHs), 2.73 (t,] = 6 Hz, 2H, 2-H,), 1.91 (s, 3H, C=0CH,), 1.51-1.60
(m, 4H). 'H NMR (400 MHz, CDCls) for N-acetyl-paroxetine:
§=7.04(dd,J; = 9 Hz, J, = 6 Hz, 2H, 2"-H,), 6.93 (dd, J; = J, = 9 Hz,
2H, 3"-H,), 6.57 (d,] = 10 Hz, 1H, 3'-H), 6.28 (d,] = 1 Hz, 1H, 6'-H),
6.08 (dd, J; = 10 Hz, J, = 1 Hz, 1H, 4-H), 5.81 (s, 2H, O-CH,-0),
4.64-4.94 (m, 1H), 3.78-4.18 (m, 1H), 3.54 (dd, J, = 9 Hz, ], = 2 Hz,
1H, 7-Hg), 3.42 (dd, J, = 9 Hz, J, = 8 Hz, 1H, 7-H,), 2.97-3.16 (m,
1H), 2.54-2.78 (m, 2H), 2.09 (s, 3H, C=0CHa), 1.75-2.02 (m, 2H).

2.7. Immunoblotting for Bcl-2

Cells were lysed in ice cold lysis buffer [composition in mM: 10
Tris/HCl (pH 7.5), 50 NaCl, 30 NaPP;, 50 NaF, 2 EDTA, 1 PMSF, 0.1
sodium orthovanadate; 1% (w/w) Triton X100, 3 pg/ml each
aprotinin, 0.5 pg/ml leupeptin and 1 pg/ml pepstatin]. Undis-
solved material was removed by centrifugation (15min at
20,000 x g) at 4 °C and protein content in the supernatant was
quantified by the bicinchonic acid method using the BCA kit as
recommended by the manufacturer (Pierce, Rockford). Pro-
teins (50 wg/lane) were electrophoretically separated on
polyacrylamide gels containing sodium dodecyl sulfate
(SDS-PAGE), subsequently transferred to nitrocellulose mem-
brane (Millipore, Bedford, MA) and probed with antibodies
against Bcl-2 (SC-7382, Santa Cruz Biotechnology) and B-actin
as loading control (A2228, Sigma; St. Louis, MO). Immunor-
eactive bands were visualized by chemoluminiscent detection
(ECL detection kit, Amersham) using protein A-conjugated
horseradish peroxidase (Amersham, Arlington Heights, UK).
Exposed films were scanned and band density was quantified
using Scionlmage software.

2.8.  Data analysis

Data were subjected to curvilinear regression using the
equation for a three-parameter logistic function (=Hill equa-
tion) to calculate ICsy values using the software implemented
in Graph Pad Prism. Data presented are means + S.E.M. of
three independent experiments performed in triplicate.

3. Results

3.1.  Paroxetine inhibits [*H]thymidine incorporation
in B- and T-lymphoid cell lines

We employed [*H]thymidine incorporation as an assay to
screen a panel of cell lines for their susceptibility to the
cytotoxic action of the SSRIs. This assay offers several
advantages that make it suitable for a screening procedure,
namely large sample throughput, high sensitivity, reproduci-
bility and a quantitative readout which facilitates the
determination of ICsq values. The cells were incubated for
24 h with paroxetine (and other SSRIs) in the concentration
range of 1-300 pM and [*H]thymidine incorporation was
determined. Our initial aim was to identify a minimum of
two cell lines of B-lymphoid origin, one which was highly
susceptible to the action of SSRIs and another one resistant to
their cytotoxic effect. We surmised that the availability of
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these two cell lines was likely to increase the probability of
identifying the components relevant to the action of SSRIs.
Seven malignant B-cell lines (five human and two murine cell
lines) were tested: paroxetine inhibited S-phase entry in all of
these cells with ICso values ranging from 5 to 20 uM (Fig. 1A,
Table 1). Based on these observations, we concluded that all
cell lines of B-lymphoid origin were susceptible to paroxetine.
Hence, we extended our search for a suitable non-responding
control cell line and screened cell lines of T-lymphoid origin,
because we reasoned that these were the closest relatives to B-
lymphoid cells. Again, paroxetine completely blocked [*H]thy-
midine incorporation in seven independent human T-lym-
phoid cell lines with ICso values ranging from 15 to 120 M
(Fig. 1B, Table 1). It is evident from Table 1 that — on average —
cells of T-lymphoid origin were somewhat less susceptible
than cells of B-lymphoid origin. However, these differences
were modest; we therefore concluded that the cytotoxic action
of SSRIs was not restricted to cells of B-cell origin, but it was
clearly also seen with transformed cells of T-lymphoid origin.
We also tested additional SSRIs for their cytotoxic action.
Table 1 summarizes the pertinent data set for citalopram:
while citalopram was less potent than paroxetine in inhibiting
[*H]thymidine incorporation, all cell lines - tested irrespective
of their lineage determination - were susceptible to citalopram
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treatment within a comparable concentration range. Cyto-
toxicity typically shows hysteresis, because a threshold has to
be overcome: high concentrations may be tolerated for short
incubation periods and upon prolonged incubation, less
susceptible cells will eventually also become more suscep-
tible. In other words, the ICso for growth inhition/ECso for
apoptosis induction may also depend on the incubation time.
We tested this assumption by comparing ICso values deter-
mined after a 24 h incubation with paroxetine with those
observed after a 48 and 72 h incubation: regardless of whether
we used a cell line of B (Daudi) or T-lymphoid (CCRF) or
myeloid origin (K562), prolonged incubations increased the
susceptibility of cells to the inhibitory action of paroxetine
(Fig. 1C).

3.2 SSRIs induce apoptosis in B-, T-lymphoid and in
myeloid cells

[*H]Thymidine incorporation quantifies cell proliferation; cell
death is only indirectly detected as a decline in [*HJthymidine
incorporation. We confirmed that SSRIs induced apoptosis in
the concentration range in which they inhibited [*H|thymidine
incorporation by monitoring one of the earliest events triggered
during programmed cell death, namely the breakdown of the
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Fig. 1 - Inhibition by paroxetine of [*H]thymidine incorporation by transformed lymphoid cell lines. The indicated
transformed B-cell lines (A) and T-cell lines (B) were seeded on 96 well plates (10° cells/well) and incubated with increasing
concentrations of paroxetine and 0.1 xCi [*H]thymidine/well for 24 h. The solid lines were drawn by fitting the data to a
three-parameter logistic equation. To analyze the time-dependent change in susceptibility (C) cells were incubated for 24,
48 and 72 h in six logarithmically spaced concentrations of paroxetine or citalopram; 0.1 1Ci [*H]thymidine/well was added

for the last 24 h. Data represent means * S.E.M. (n = 3).
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Table 1 - ICs values of paroxetine and citalopram for
inhibition [*H]thymidine incorporation by transformed

B- and T-lymphoid cell lines and the myeloid cell line
K562

Cell line Paroxetine Citalopram
ICso (1M) ICso (uM)

B-lymphoid
RL-7 12.27 +1.28 88.3+13.0
REH 10.0 £1.25 136.6 +14.3
Daudi 23.8+1.35 160.1 +13.6
Ramos 245 +1.37 79.1+12.8
Ep-myc murine cell line 5.5+ 1.46 77.9 £ 14.9
v-abl murine cell line 9.5 +1.30 90.0 +12.2
Namalwa 143 +1.21 94.8 +11.9

T-lymphoid
SU-DHL-1 18.7 £1.41 207.1+14.7
MOLT-4 14.6 £ 1.26 117.2+12.9
CCRF 25.7+1.33 149.4 +13.8
EL-4 24.1+1.36 118.6 +£12.9
Jurkat 116.3 £ 17.9 185.7 £ 13.1
Mac-2A 14.7 £ 1.15 729+ 13.6
HPD-HL 38.07 £1.34 185.1+14.9
K562 (myeloid) 19.8 +1.22 202.3 +12.6

Cells were treated as outlined under Section 2 and in the legend to
Fig. 1. ICso values were calculated by non-linear least squares curve
fitting of the data to the Hill-equation. Data are means + S.E.M.
(n=3).

asymmetric phospholipid distribution and the accumulation of
phosphatidylethanolamine and phosphatidylserine on the
outer leaflet of the plasma membrane. Accumulation of
phosphatidylserine can be readily visualized by staining with
annexin V (which binds specifically to phosphatidylserine). We
incubated B and T cell lines as well as myeloid cells in the
presence of paroxetine and quantified the amount of cell
surface-associated annexin V by FACS. All cell lines tested were
unequivocally positive for annexin V when treated with
paroxetine concentrations corresponding to the ICsy range
determined by [*H]thymidine incorporation. Representative dot
plots are shown in Fig. 2 and concentration-response curves are
shown in Fig. 3C. It is also evident from the dot plots shown in
Fig. 2 that in all instances, staining for annexin V was seen at
lower concentrations than uptake of propidium iodide, which
labels late apoptotic as well as necrotic cells. The induction of
apoptosis was also readily detectable by light microscopy. The
cells treated with paroxetine displayed typical morphological
changes indicative of apoptosis including cell shrinkage,
membrane blebbing, increased granularity and nuclear frag-
mentation (not shown).

3.3.  The pro-apoptotic effect of SSRIs is also seen in non-
transformed cells

We next reasoned that responsiveness to SSRIs might be a
feature of transformed cells and that non-transformed cells or
cells of non-hematological origin were resistant to the pro-
apoptotic effects of SSRIs. To address this issue we tested the
following cells: (i) CHO cells—transformed hamster ovary cells
with a fibroblast phenotype [16]; (ii) HEK293 cells—adenovi-
rally transformed human fibroblast-like cells [17]; (iii) mouse
embryonic fibroblasts (MEFs)—a primary non-transformed

fresh cell preparation; (iv) NIH3T3 fibroblasts—non-trans-
formed immortal cells; (v) fresh murine splenocytes—primary
non-transformed cells; (vi) fresh tumor cells derived from Ep-
myc mice. Again, we used paroxetine and citalopram and
analyzed the response of this cell population in [*H]thymidine
incorporation and annexin V assays. The results are summar-
ized in Fig. 3A and Table 2. Briefly, paroxetine and citalopram
inhibited DNA-synthesis in all cell lines regardless of their
phenotype (transformed, non-transformed, established cell
line or primary cell culture) with ICso-values that were within
the range seen with cell lines of lymphoid origin (cf. Table 1).
We confirmed by staining for phosphatidylserine with
annexin V that SSRIs induced apoptosis in these cells: a
representative experiment with HEK293 cells is shown in
Fig. 3B and the resulting concentration-response curve is
plotted in Fig. 3C.

3.4.  Bcl-2 levels do not explain the variation in
susceptibility to SSRI

The variable susceptibility of Burkitt lymphoma cell lines to
SSRIs was reported to be accounted for by differences in the
expression of the antiapoptotic protein Bcl-2 [6]. It is evident
from Table 1 (¢f. murine Epn-myc transformed B-cells versus
transformed human Jurkat T cells) that there was an up to
20-fold variation in the concentration of SSRIs required to
inhibit [*H]thymidine incorporation. Accordingly, we deter-
mined Bcl-2 levels in nine selected cell lines by immuno-
blotting and densitometry and tested, if the low levels of
Bcl-2 were predictive of enhanced responsiveness to SSRIs:
Bcl-2 levels (plotted on the x-axis of Fig. 4) varied up to 10-
fold. However, it is evident that there was not any
appreciable correlation between the levels of Bcl-2 and
the ICsy of SSRIs.

3.5.  The cytotoxic effect of SSRIs in HEK cells does not
depend on SERT expression

Bone marrow cells are known to express monoamine trans-
porters and this is also true for lymphocytes [18]. HEK293 cells
and MEFs do not express SERT; nevertheless these cells
underwent apoptosis when challenged with SSRIs. Based on

Table 2 - IC5 values of paroxetine and citalopram for

inhibition [*H]thymidine incorporation by fibroblast cell
lines, primary cells and untransformed cells

Cell line Paroxetine Citalopram
ICsp (1M) ICsp (1M)
HEK 293 25.5+1.30 157.3 + 14.8
CHO 13.5+1.29 496 +£14.1
NIH3T3 30.2 +1.39 122.7 +13.6
MEF 46.1+53 351+133
Primary splenocytes 14.2 +1.38 93.6 + 15.7
Primary Ep-myc tumor cells 8.8+ 1.30 29.6 £12.2

Cells were treated as outlined under Section 2 and in the legend to
Fig. 3. ICso values were calculated by non-linear least squares curve
fitting of the data to the Hill-equation. Data are means + S.E.M.
(n=3).
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Fig. 2 - Induction of apoptosis by paroxetine in a representative cell line of each, B, T and myeloid origin. B-lymphoid

Namalwa (top row). T-lymphoid MOLT-4 (middle row) and myeloid K562 cells were seeded in 24 well plates (5 X 10 cells/
well) and incubated with increasing concentrations of paroxetine as indicated. After 24 h, the cells were stained with APC-
Cy7-labeled annexin V and incubated in the presence of 1 mg/l propidium iodide (PI). Representative dot plots are shown

which correspond to incubations carried out in parallel.

the original observations of Serafeim et al. [5,6], it is conceivable
that the presence of SERT enhances the responsiveness of cells
to SSRI-induced apoptosis. We therefore used stably trans-
fected HEK293 cell clones expressing SERT under the control of a
TET-on promoter [13] and compared them to maternal cells
transfected with the empty vector alone. As an additional more
suitable control, we also used cell lines stably expressing the
dopamine transporter [14]. The presence or absence of SERT did
not affect the ability of paroxetine to suppress DNA-synthesis
(Fig. 5A; ICs5o=12.5+1.8 and 14.3 + 3.3 pM, for HEK293 cells
expressing SERT and DAT, respectively). In addition, we verified
that cells underwent SSRI-induced apoptosis over a similar
concentration range regardless of whether expression of SERT
was repressed in the absence doxycycline or induced by
addition thereof (Fig. 5B): it is evident that paroxetine induces
the appearance of early (i.e., annexin V-positive in Fig. 5B) and
late (i.e., annexin V- and propidium iodide double positive cells
in Fig. 5B) over an identical concentration range in uninduced
cells (Fig. 5B, upper row) and cells expressing SERT (Fig. 5B, lower
row). SERT interacts physically with neuronal NO-synthase [15].
We thus explored a possible contribution of this interaction to

SSRI-induced cytotoxicity by co-expressing nNOS and SERT in
HEK293 cells. The presence of NOS did neither change the slope
of the concentration-response curve nor the ICso of paroxetine
(data not shown).

3.6.  Acetylated SSRI loose the ability to inhibit serotonin
uptake, but still induce apoptosis

Given the fact that SERT expression is not a prerequisite for
SSRIs to induce cell death (as in HEK cells and MEFs), it was
questionable that the pro-apoptotic property of SSRIs was
linked to their action on SERT. This interpretation was tested
by modifying SSRIs at positions known to be critical for their
binding to the serotonin transporter. We selected fluvoxamine
and paroxetine because these compounds have primary and
secondary amino groups, respectively, which are readily
accessible to modification and which are likely to be relevant
for supporting the interaction of SSRIs with their target, i.e.,
SERT [19]. In fact, if the analogous nitrogen is methylated in
compounds related to paroxetine, the affinity for SERT drops
substantially [20]. We therefore acetylated paroxetine and
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inhibition of [*H]thymidine incorporation by citalopram
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fluvoxamine using acetic acid anhydride (reaction scheme
outlined in Fig. 6A for fluvoxamine). The acetylated com-
pounds were characterized by 'H NMR spectroscopy (see
Section 2) and HPLC followed by mass spectrometry (shown in
Fig. 6B for N-acetyl-fluvoxamine).

Acetylation greatly impaired the ability of both, fluvox-
amine (Fig. 6C) and paroxetine (Fig. 6D), to inhibit SERT. In
contrast, the N-acetylated derivatives did still effectively
suppress [*H]thymidine incorporation (shown for the Ep-
myc tumor cell line in Fig. 7): fluvoxamine and acetyl-
fluvoxamine acetate were equipotent in inhibiting S-phase
entry of cells (Fig. 7A). Interestingly, acetylation of paroxetine
somewhat impaired the ability of the resulting N-acetyl-
paroxetine to suppress [H]|thymidine incorporation; accord-
ingly there was a shift in the ICso values from 6.5 + 1.4 pM for
the parent compound to 93.3 &+ 15.2 pM for N-acetyl-parox-
etine. However, this shift of ~15-fold was modest by
comparison to that seen when comparing the affinity of N-
acetyl-paroxetine and of paroxetine for SERT (>1000-fold
difference in ICsy, cf. Fig. 6C).
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incubations carried out in parallel.

4, Discussion

Since the original observation that serotonin killed Burkitt
lymphoma cells [5], several arguments have been put forth to
suggest that targeting SERT was an interesting new modality
in the treatment of Burkitt lymphoma and other tumors of B-
lymphoid origin: (i) expression of SERT is increased in
proliferating B-lymphoid cells and the expression shows a
positive correlation with the proliferative capacity [7]. (ii)
Serotonin [5] and other SERT-substrates such as methylene-
dioxy-metamphetamine (MDMA, ecstasy) and p-fenfluramine
inhibit proliferation of B-cell lymphoma cell lines [7]. (iii) SSRIs
also suppress proliferation of Burkitt lymphoma cells [6] and
other B-lymphoid tumor cells [7]. The similar effect of SERT
substrates and SERT inhibitors is difficult to reconcile with a
common mechanism of action on SERT. Similarly, the
concentrations required for growth inhibition by SSRI is three
orders of magnitude higher than that required for inhibition of

SERT. This discrepancy strongly argued for the existence of an
additional target for SSRIs [7]. (iv) However, the observation
that normal lymphocytes are spared from the cytotoxic action
of serotonin [5] and SSRIs [6] indicates that either SERT or this
hypothetic additional target may represent an Achilles’ heel of
B-lymphoid tumor cells and hence be selectively exploited to
develop a new therapeutic approach.

Our observations, however, refute this concept: (i) we found
that many different celllines and primary cells were susceptible
regardless of whether they were of lymphoid origin, virally
transformed, immortalized or obtained ex vivo. (ii) The cytotoxic
effect of SSRIs was unrelated to the presence or absence of SERT
and the structure-activity relationship differed from that
required for inhibition of SERT. This was most readily evident
upon introducing an amide functionality into fluvoxamine and
paroxetine. (iii) The concentration-response curves for both,
inhibition of [*HJthymidine incorporation and induction of
apoptosis, were very steep indicating a threshold phenomenon.
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Fig. 6 - Acetylation of fluvoxamine (A and B) abrogates its ability to inhibit serotonin uptake (C). (A) Reaction scheme and
structure of fluvoxamine and N-acetyl-fluvoxamine (Ac,0: acetic acid anhydride, TEA: triethylamine). The structure was
confirmed by *H NMR spectroscopy (see Section 2). (B) Left hand panels: HPLC chromatogram for fluvoxamine (top) and N-
acetyl-fluvoxamine (bottom); an aliquot corresponding ~2 nmol was applied onto a 3 mm X 50 mm XTerra C18 column
(Waters, Milford, MA, USA); the following solvent system was employed: solvent A—aqueous solution of 5 mM NH,HCO;
(pH 7.8), solvent B—acetonitrile; flow rate 0.5 ml/min; 10% B at 0 min to 100% B at 6 min (linear gradient). UV chromatograms
are displayed at A = 256 nm. The peak at 0.7 min corresponds to the injection artifact. The identity of the peaks at 4.5 (top)
and 4.8 min (bottom) was confirmed by mass spectrometry (right hand panels): mass/charge ratios measured for
fluvoxamine (top) and the acetylated reaction product (bottom). Boxed numbers indicate protonated molecule ions ([M+H]").
Fluvoxamine {m/z = 319 [M+H]"* (set 100%), 258 [M-C,H¢NO™|* (35% of highest peak)}. N-Acetyl-fluvoxamine {m/z = 361
[M+H]* (95%), 399 [M+K]" (4%), 383 [M+Na]* (8%), 258 [M-C4HgNO, |* (set 100%)}. Note the complete absence of the species at
m/z = 319 in the lower panel, which indicates the complete absence of fluvoxamine in the N-acetyl-fluvoxamine sample. (C)
HEK293 cells (10° cells/well) expressing the human SERT were seeded in 24 well dishes and incubated for 5 min with
fluvoxamine or N-acetyl-fluvoxamine. The uptake reaction was started by addition of [*H]serotonin; after 1 min, the cells
were rinsed and lysed. Data shown represent means + S.E.M. (n = 3).
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Fig. 7 - Inhibition by acetylated fluvoxamine (A) and
paroxetine (B) of [*H]thymidine incorporation by a murine
Ep-myc tumor cell line. Established murine Ep-myc tumor
cells (10° cells/well) were seeded in 96 well plates and
incubated with the indicated concentrations of
fluvoxamine and N-acetyl-fluvoxamine acetate (A) or
paroxetine and N-acetyl-paroxetine (B). After 24 h cells
were lysed, the radioactively labeled DNA was trapped on
filter mats and [*H]thymidine incorporation was
determined by liquid scintillation counting. Data shown
represent means * S.E.M. (n = 3).

In contrast, the concentration-response curve for inhibition of
[*H]serotonin uptake was consistent with a simple stoichio-
metricinteraction governed by the law of mass action. Based on
these observations, we therefore conclude that at concentra-
tions in the pM range, SSRIs interact with a (or several)
ubiquitously expressed target(s); thereby these compounds
inhibit the proliferation of and kill a large number of
mammalian cells. This conclusion is also supported by the
finding that - in this concentration range (10-300 M) — many
SSRIs (i.e., fluoxetine, paroxetine, fluvoxamine, citalopram and
sertraline) are also effective spermicides [21]; this toxic action is
apparently not confined to mammalian cells because some
SSRIs also kill Trichomonas vaginalis [21].

We used two assays to detect the cytotoxic effects of
SSRIs, namely inhibition of [*H]thymidine incorporation and
staining with annexin V. The latter assay monitors one of
the earliest consequences triggered by programmed cell
death, namely the inhibition of flippase and activation of
scramblase activity, which results in the appearance of
phosphatidylethanolamine and phosphatidylserine on the
outer leaflet of the plasma membrane [22-24]. The [*H]thy-
midine incorporation assay monitors the capacity of cells to
enter the S-phase of the cell cycle and hence the prolif-
erative rather than the apoptotic response of cells. Never-
theless, compounds that trigger apoptosis are also expected
to cause a decline in [*H]thymidine incorporation, because
activation of the apoptotic program in a given cell precludes
its recruitment into the cell cycle. Inhibition of [*H]thymi-
dine incorporation and the pro-apoptotic action of SSRIs
occurred over a similar concentration range and showed
similar steep concentration-response curves. Thus, inhibi-
tion of S-phase entry may have indirectly resulted from the
pro-apoptotic action of SSRIs. Alternatively, it is conceivable
that SSRIs have two independent effects, i.e., inhibition of
S-phase entry and induction of apoptosis result from the
activation of two independent signaling pathways. We did
not design experiments to differentiate between these two
possibilities. Given the lack of selectivity in the cytotoxic
action of SSRIs, it appears of modest interest to unravel the
molecular details.
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In Burkitt lymphoma, the initiating event is thought to be
the deregulated expression of c-MYC. Overexpression of c-
MYC is caused by a chromosomal translocation the most
common of which recombines the MYC gene (residing on
chromosome 8; 8q24) with the immunoglobulin heavy chain
(IGH) locus (on chromosome 14; 14q32) [25,26]. Typically, the
entire MYC gene (including the first non-coding exon and the
two major promoters) is inserted into the joining region Jy of
the IGH locus region adjacent to the intronic heavy chain
enhancer Ep. [27]. This situation is recapitulated in the En-myc
transgenic mouse [12], which we therefore used as a murine
model system mimicking myc-driven transformation of
human germinal B-cells. Tumor cells derived from Ep-myc
transgenic mice were most sensitive to the inhibitory action of
SSRIs (ICsp for paroxetine ~5puM). In contrast, the T cell
leukaemia line Jurkat was less susceptible to the cytotoxic
effect of paroxetine (ICsp ~ 110 uM). It may therefore be argued
that our data confirm the original interpretation [6] that
Burkitt lymphoma cells are exquisitely sensitive but Jurkat and
other T cell lines are resistant to SSRIs. There are, however,
additional points that need to be taken into account: (i) the
previous studies had used quiescent lymphocytes for control
purpose and found them to be resistant to SSRIs. We
investigated proliferating murine primary splenocytes; the
difference in potency of SSRIs between these cells and Ep-
myc-positive tumor cells was modest. The discrepancy
between our observations and those of Gordon and co-
workers [6,7] may be due to the fact that proliferating cells
are more prone to undergo apoptosis than quiescent cells.
From a therapeutic perspective, however, the cytotoxic action
of SSRIs on proliferating lymphocytes is relevant, because
expansion of lymphocyte populations is necessary to mount
an effective immune response. (ii)j The concentration-
response curves for the SSRI-induced cytotoxic action were
very steep (slope factors/Hill coefficients >3). Thus, the effect
is apparently contingent on the accumulation of a signal
which triggers the cytotoxic action. Because of this threshold
phenomenon, we surmised that upon prolonged incubation,
less susceptible cells would eventually also become more
susceptible. This conjecture was verified for three represen-
tative cell lines: in each case, the ICs, for growth inhibition was
lower at long incubation times. There was one notable
exception: the concentration curve was shallow (i.e., slope
factor/Hill coefficient ~1), if SSRIs were tested on primary
tumor cells harvested from the bone marrow of Ep-myc
transgenic mice (Fig. 3A, open squares). We consider it
unlikely that this discrepancy arises from the presence of a
specific target site in these cells that allows for a stoichio-
metric interaction of SSRIs. The more parsimonious and hence
plausible explanation is to consider the fact that this cell
preparation consists of a heterogeneous cell population.
Accordingly, some tumor cells are highly sensitive to inhibi-
tion by SSRIs while others are resistant. This interpretation is
supported by the observation that the concentration-response
curve for SSRIs was steep, if assessed with an established Ep-
myc tumor cell line (Fig. 1A, open squares). Thus, at the
present stage, there is little evidence to justify the use of SSRIs
in Burkitt lymphoma and other B-lymphoid malignancies.
Firstly, concentrations required to elicit a direct toxic action
are far above the therapeutic range. SSRIs can per se lead to a

potentially life-threatening serotonin syndrome. Secondly, as
amply demonstrated in the current work, the compounds lack
selectivity and are expected to affect many rapidly proliferat-
ing cells. It is, however, conceivable that SSRIs may sensitize
many different tumor cells to the actions of cytotoxic drugs
and that these effects may be achieved at concentrations,
which are achieved at therapeutic doses.
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